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Abstract — LTE is increasingly seen as a system for serving 
real-time Machine-to-Machine (M2M) communication needs. The 
asynchronous M2M user access in LTE is obtained through 
a two-phase access reservation protocol (contention and data 
phase). Existing analysis related to these protocols is based on 
the following assumptions: (1) there are sufficient resources in 
the data phase for all detected contention tokens, and (2) the 
base station is able to detect collisions, i.e., tokens activated by 
multiple users. These assumptions are not always applicable to 
LTE - specifically, (1) due to the variable amount of available data 
resources caused by variable load, and (2) detection of collisions 
in contention phase may not be possible. All of this affects 
transmission of real-time M2M traffic, where data packets have 
to be sent within a deadline and may have only one contention 
opportunity. We analyze the features of the two-phase LTE 
reservation protocol and derive its throughput, i.e., the number 
of successful transmissions in the data phase, when assumptions 
(1) and (2) do not hold. 

Index Terms — Access Reservation Protocols, LTE, M2M com- 
munications 



I. Introduction 

An access reservation protocol is instrumental in any multi- 
user communication system in order to enable users to con- 
nect asynchronously or transmit intermittently [I j. The LTE 
system uses an access protocol consisting of two phases: a 
contention phase, where each user contends by activating a 
particular reservation token chosen from the set of available 
tokens; and a data phase, where the reservation tokens (i.e., 
token holders) detected by the base station (BS) get assigned 
resources for the data transfer. The asynchronous access in 
LTE gains importance as the needs to support traffic related 
to Machine-to-Machine (M2M) communications gets increas- 
ingly important. In many cases, M2M traffic is a real-time 
traffic, where data packets become obsolete after a deadline 
and thus may undergo only a single contention and data 
phases, i.e., unsuccessful transmissions cannot be postponed 
for later contention or scheduled to a later data phase. 

The available analysis of the two-phase access reservation 
protocols typically assumes that: (1) there are sufficient re- 
sources in the data phase to serve all detected reservation 
tokens; (2) the BS is able to discern between reservation tokens 
activated by one or more than one users, i.e., the contention 
phase has a ternary output (idle, single or collision). However, 
assumption (1) does not hold in cellular networks such as 
LTE, where the data phase has limited number of resources, 
while the network load is variable; this implies that there is a 
possibility that the users with real-time traffic that contended 



successfully may not be assigned a data transmission slot at all. 
Assumption (2) does not hold in LTE, as the BS is not always 
able to discern if a token was activated by one or multiple users 
[2, Sec. 17.5.2.3]. In other words, there are practical setups in 
which the BS can "see" that a preamble has been activated, but 
it does not know how many users activated it. This implies that 
in the contention phase, collisions "over" tokens are treated as 
singles, i.e., the output of the contention phase is binary (idle 
or active) instead of the commonly assumed ternary output 
(idle, single or collision). 

In LTE, a reservation token is activated by nansmitting 
a specific preamble in the random access sub-frame; the 
preambles are chosen from the orthogonal set of preambles 
obtained from Zadoff-Chu sequences (3) . Due to orthogonality 
of the preambles, the LTE contention phase can modeled 
as a framed slotted ALOHA scheme, where frame "slots" 
represent preambles over which the users contend. Framed 
slotted ALOHA schemes where investigated in |4|, wherein a 
combinatorial model was presented. A more recent work using 
a combinatorial model to study frame slotted ALOHA in a 
LTE context is given in |5|. The analysis of access reservation 
protocols was presented in an early paper [6|, while the study 
of ALOHA protocol in a reservation framework was given 
in [7 |. In [8 1 are considered two reservation methods based on 
framed ALOHA. Finally, the reference [9] investigates access 
reservation protocols in wireless networks, for video and audio 
transmission, and fT0| analyzes the access reservation protocol 
in GPRS. 

In this letter, we provide a method based on the com- 
binatorial framework introduced in Q, to obtain the exact 
probability mass function (pmf) that a number of reservation 
tokens activated by a single user are assigned resources in the 
data phase, when assumptions (1) and (2) do not hold. Based 
on the obtained results, we calculate the corresponding one- 
shot throughput of the LTE access reservation scheme. We 
investigate analytically the features of LTE access reservation 
scheme in the above described framework, which is directly 
applicable to the important case of asynchronously served 
users with real-time constraints. 

The remainder of this paper is organized as follows. In 
Section [II] we present the system model. Section III elabo- 
rates the method to obtain the exact pmf of the number of 
reservation tokens that are activated by a single user and that 
are assigned resources in the data phase, following by the 
derivation of the system throughput. Examples demonstrating 



derived results are given in Section IV while the letter is 
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Fig. 1. (a) Access Reservation Resources and (b) System Model. 



concluded in Section [Vl 



Variable Description 



M Reservation tokens 

K TDM slots 

T Number of accessing users 

Sc Number of users succeeding in the contention phase 

Su Number of users succeeding in the data phase 

np Contention state vector 

n' c Vector obtained from ng by deleting its leftmost entry 

njj Data state vector 

| nc | Number of non-zero entries in the vector n<j 

| nc 1 1 Sum of the entries in the vector nc 



TABLE I 
Definition of used variables. 



II. System Model 

Fig. [TJa) shows a simplified version of the LTE access 
reservation protocol that captures the details essential for the 
presented analysis. The access reservation is composed of a 
contention phase and data phase. The contention phase is 
modeled as a variant of a framed slotted ALOHA, where 
frame represents a set of of available tokens^] The data phase 
is a actually a Time Division Multiplexing (TDM) scheme. 
In the contention phase, we assume that there are available 
M reservation tokens, while in the data phase, we assume 
that there are available K resource slots (i.e., K TDM slots). 
Finally, we assume that there are T users contending for (i.e., 
trying to reserve) the available resources. 

The access reservation protocol operates as follows: 

1) Each of T users activates randomly and independently 
one of the M available tokens. A token can be activated 
by more than one user. 

2) The BS detects all activated tokens, irrespective whether 
they have been activated by one or several users p] Sec. 
17.5.2.3]. The BS chooses uniformly randomly K tokens 
from the set of detected tokens. 

3) The selected tokens are assigned a resource slot each 
and the corresponding users, i.e., token holders, are 
informed about the respectively assigned slots through 
the feedback channel. 

4) The selected token holders transmit their data packets 
in the assigned resource slots. If two or more holders 
activated the same token and thus were assigned the 
same resource slot, their transmissions collide and are 
considered as lost. 

The assumption that the BS is unable to detect collision 
in contention phase holds in small cells |2] Sec. 17.5.2.3], 
and refers to the worst case scenario where the detected 
preamble does not reveal anything about the number of users 
that transmitted i{3 If the BS knows that there are two or 
more users using a certain preamble, then one way to operate 
is not to assign any data slot to the preamble, thus preventing 
collisions and the respective resource waste in the data phase. 

'in contrast to standard ALOHA, in the considered model there are no 
collisions, as elaborated in the letter. 

2 Note that, in practical LTE systems, if the cell size is more than twice 
the distance corresponding to the maximum delay spread, the BS may, in 
some circumstances, be able to differentiate the transmission of the same 
preamble by two or more users, provided that the users are separable in terms 
of the Power Delay Profile [2]. However, the analysis of such operation is 
straightforward and therefore not of interest in this letter. 



III. Analysis 

In this section, we derive the pmf for Sd users succeeding in 
the data phase, given that T users try to access the network via 
the access reservation protocol, as depicted in Fig. |TJb). This 
conditional pmf is defined as P{Sd — s\T — t). Table [i] lists 
the variables used throughout this letter and their respective 
description. We always assume that there are M tokens and 
K resource slots available, but we omit writing this explicitly 
in order to ease the notation. 



We start by recalling the model from [4] in Section III-A 



and then proceed by extending it in Section III-B 



A. Contention Phase 

The output of the contention phase is described through the 
contention state vector n^: 



n C = Oc(l), n c (2), • • ■ , n c (t)), 



(1) 



where T = t is the number of actually transmitting users. The 
j-th entry in nc, nc(j), counts the number of reservation 
tokens used by j users each. Therefore, nc(l) denotes the 
number of single activated tokens, while for j > 2, ric(j) 
denotes the number of tokens where j users collided. An 
efficient method for the construction of the state vectors is 
given in |4] Sec. Ill A]. 

For any state vector the following holds: 



X]i ' n c(j) = t- 

3=1 



(2) 



As an example, the state vector nc = (2, 1, 1, 0, 0, 0, 0) means 
that T = 7 users transmitted - there are two singles, one 
reservation token where two users collided, and one token 
where three users collided. 

A given state vector n c occurs with probability Q: 

M\t\ 

P{nc) = M^M-^cWYl^m^ncij)^ (3) 

where, once again, t is the number of transmitting users and 
M is the number of available reservation tokens. 

In [4], the probability of s reservation tokens being used by 
one user each, given that t users transmit, is given by: 



P(S c = s\T = t)= J2 p ( n c)> 

n c £Z s 



(4) 
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where the summation is over all states containing s singles, 
i.e., over the set Zg = {np | rio(l) — s}. The expected 
throughput of the contention phase can be defined as: 



M 



E [S C \T = t]=J2 s - p (Sc = s\T = t). 



(5) 



Finally, the number of tokens detected by the BS, for the 
detection model employed in this letter, is: 



l n c|l = ^2n c {j) < min{M,t}. 



(6) 



B. Data Phase 

We now extend the model in Q, in order to take into 
account the features of the limited data phase. As elaborated 
in Section [TTJ since the BS is assumed unable to distinguish 
between singles and collisions in contention phase, the tokens 
that are granted resource slots in the data phase are selected 
uniformly randomly from the set of activated tokens. There- 
fore, all nonzero entries in % are equally likely to be chosen 
by the BS. Given a contention state vector no, the data state 
vector riD that describes the token selection made by the BS 
is defined as: 



ni5 = (n D (l),n D (2), . . . ,n D (t)). 



(7) 



The j-th entry in this vector, n£>(j), counts the number of 
resource slots assigned to j users. 
The constraints on the vector ri£> are: 



^n D (j) = K, and 
n D (j) < n c (j), for 1 <j <t. 



(8) 
(9) 



The first constraint means that the BS uses all the K resource 
slots available to it, while the second constraint means that, 
for each type of token (where type refers to how many users 
collectively use it) the BS cannot select more tokens to be 
mapped to the data resources than the number of reservation 
tokens activated by the users. We note that if the number of 
resource slots is larger than the number of reservation tokens, 
i.e. K > M, then n^ = no, for any rip. For any contention 
state vector nc, the set of possible data state vectors is 
denoted JVd(^c)- Set Md{^c) can be constructed following 
Algorithm 1. 

To give an example of a set of data state vectors, let nc* = 
(2, 1, 1, 0, 0, 0, 0), M = 4, and K = 2. Then: 

Af D (2, 1, 1, 0, 0, 0, 0) = {(2, 0, 0, 0, 0, 0, 0), (1, 1, 0, 0, 0, 0, 0), 
(1,0,1,0,0,0,0), (0,1,1,0,0,0,0)}. 

Here, the vector (2,0,0,0,0,0,0) corresponds to the case 
where the BS selects two reservation tokens activated by 
one user each (both represent successes in the data phase); 
(1,1,0,0,0,0,0) is the case where one selected token was 
activated by a single user (i.e., a success), while the other was 
activated by two users (i.e. a collision), etc. 



Algorithm 1: Construction of the data state vectors 

1 function DataStateVector^c, K) 

2 Af D {n c )=® 

3 if ||n c || < K then 

4 Af D (n c ) = A/i)(nc) U {n c } 

5 return JVb (no) 

6 end 

7 for i = 1 to | no | do 
for j = 1 to n c (i) do 

if j < K then 

n D = (j, DATASTATEVECTOR(n c , If - j)) 

Af D (n c ) = M?(nc) U {n D } 

end 

end 
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14 end 



is return Md{^c) 



The pivotal result of the letter is the probability of choosing 
a particular n£>, given a state vector np, expressed as: 



^(n^lnc*) 



n: =I (*£(«) 



i 



if || n c || > K, 
else. 



(10) 



In the above probability, the denominator counts the number 
of ways to select K reservation tokens from the used ones. For 
the numerator, each factor counts the number of ways 

the BS can select no{i) reservation tokens from the available 
nc{i) ones, for 1 < i < t. 

Now, assume that given a contention state vector no, one 
selection of reservation tokens described by data state vector 
r\£, has been made. Using the probabilities in Eqs. |3} and 
( [T0| ), the probability that s users succeed, given that t users 
transmit, is: 



P{S D - s\T = t) 



E E 

llD (l)=s 



P(n Z5 |n c )P(n c ). 



(11) 



To illustrate the above expression, we continue with the for- 
mer example, where n c = (2, 1, 1, 0, 0, 0, 0), T = 7, K = 2, 
M = 4, and the set of possible data state vectors is A/z^nc) = 
{(2,0,0,0,0,0,0),( 1 , 1 ,0,0,0,0,0,0),( 1 ,0, 1 ,0,0,0,0),(0, 1 , 1 ,0,0,0,0)} . 
Using Eq. ([3]), we obtain: 

P((2, 1,1,0,0,0,0)) = 0.3076. (12) 

The corresponding data state vectors have the probabilities: 

P((2,0,0,0,0,0,0)|n c ) = 1,0, 0,0,0,0)1x10) - \ 

P((l,0,l,0,0,0,0)|nc) = ^,P((0,l,l,0,0,0,0)|n c ) = i 

6 6 

(13) 

Finally, combining Eqs. ( [T2| and ( p"3} through ([TTJ, the 
probability P(S D = 1\T = 7) is: 



P(S D = 1\T= 7) = 0.5042. 



(14) 
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Fig. 2. Comparison of theoretical and simulated distributions 
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describes the number of reservation tokens activated by a 
single user that gets assigned resources in the data phase. 
The obtained results are applicable to the case where there 
are not enough resources in the contention free phase to serve 
all detected reservation tokens, and when the base station is 
not able to discern between reservation tokens selected by 
one or more than one user; the both assumptions may occur 
in practice, affecting the operation of the access reservation 
protocol. 

Further, based on the presented method we derived the one- 
shot throughput of the scheme, which can be used as per- 
formance measure of the constrained random access systems, 
such as LTE, in the emerging scenarios with real-time M2M 
communication, when there is a limited time to carry out the 
contention and the data transmissions. As a future work, it is 
interesting to analyze how to dimension the contention/data 
phase for a given user population, traffic pattern, and delay 
constraints in order to maximize the throughput. 
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Fig. 3. Throughput in the limited and unlimited contention free phases 

C. Expected Throughput 

The throughput is defined as the expected value of Sp, 
given a number of transmitting users T: 

min{K,M} 

E[S D \T = t}= s-P{S D = s\T = t). (15) 

s=0 

As defined, the throughput takes into account both phases of 
the LTE access reservation scheme and measures the fraction 
of data resources used by single users. 

IV. Examples 

In this section, we give examples of pmfs Q and (Hi and 
the throughputs ( 15 1, both for the contention and data phases. 

Fig. [2] depicts both analytical and simulated pmfs, for the 
case when T — 30, K = 10 and M = 20. Obviously, there is 
a complete match between the analytical and simulated curves, 
validating the presented analysis. 

Fig. [3] shows the throughput of contention phase and the 
(overall) throughput as functions of the number of accessing 
users, for the case M = 12 and K = 6. The impact of the 
limited number of resource slots is evident, as the throughput 
of the access reservation scheme becomes lower then the 
throughput of the contention phase when t > K. 
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V. Conclusion 

In this letter we studied a LTE based access reservation 
protocol and provided a method to obtain the exact pmf that 



